Rapeseed (Brassica napus L.) with purple-red leaf is a valuable resource for plant breeder. It was utilized in breeding program as a morphological marker, and the source of resistance gene to biotic or abiotic stress due to its anthocyanin content (AC). However, the inheritance of AC and the correlation with chlorophyll content (CC) in rapeseed leaf are still unknown. This study aimed to investigate the gene action and heritability of AC and CC in a 10-Zi006 × 10-4438 rapeseed cross using generation mean analysis. The results indicated that AC and CC were controlled by main gene effect and non-allelic interactions. The AC was mainly controlled by genetic effect. However, the genetic effect and non-genetic effect were both important for CC. In addition, the total fixable gene effects was higher than unfixable gene effects for AC, but opposite results was found for CC. Both negative and positive correlations between AC and CC were obtained in different generations.
INTRODUCTION
Anthocyanin, a type of flavonoid pigments, is commonly responsible for orange red to violet blue color in plant tissues (TANAKA et al., 2008) . It was mainly studied in horticultural crops due to some health benefits (SHIN et al., 2006; WILLIAMS et al., 2008; SINGH et al., 2011; LIANG et al., 2012; SABOLU et al., 2014) . In addition, anthocyanin plays an important role as a morphological marker in hybrid rapeseed (WANG et al., 2007) . In China, hybrid breeding is one of the most effective ways to increase seed yield. However, the false hybrid were often produced due to pollens contamination. Three-line GMS and CMS + SI (selfincompatibility) systems were suggested as an effective methods to cope this problem (SHEN et al., 2008) . In addition, selection of restorer or temporary maintainer line with purple-red leaf for developing rapeseed hybrid have been recommended to identify the false F 1 hybrid (WANG et al., 2007; WU et al., 2007) . The rapeseed line 10-Zi006 with purple-red leaf had been successfully developed by interspecific hybridization. This obvious color started at seedling stage, and the leaf will change to green color at bolting stage or full-blossom stage differed from line to line (WANG et al., 2007) .
Moreover, anthocyanin was an important pigment in response to cold stress in winter rapeseed (SOLECKA et al., 1999) , and in ameliorating environmental stresses induced by visible and UV-B radiation and drought conditions (CHALKER-SCOTT, 1999) . Therefore, development of rapeseed cultivars with high AC is very important role in increasing plant resistance to drought and cold stress which are the main limiting factors in rapeseed production. However, the possible effects of AC were confounded by the decrease of photochemical efficiency when CC loss in senescing leaves of Cornus sanguinea and Parthenocissus quinquefolia (MANETAS et al., 2011) . In addition, a significant decrease of photosynthetic pigments simultaneous with an increase of AC was measured in poinsettia bract development (SLATNAR et al., 2013) . Due to limited information available on gene action for AC and CC in rapeseed leaf, the objective of this research were to define the gene action for AC and CC, and investigate the correlation between them for further hybrid breeding of rapeseed.
MATERIALS AND METHODS
Two inbred lines, 10-Zi006 with purplered leaf and 10-4438 with green leaf were crossed to generate the F l generation in 2010/2011. In 2011/2012, F 1 were selfed to develop F 2 generation and backcrossed to each parent to obtain B 1 and B 2 generations, respectively. Six generations were evaluated using a randomized complete block design with 3 replications at GAAS (Guizhou Academy of Agriculture Sciences, Guiyang, China) in 2012/2013 and 2013/2014. All six generations were sowed in nursery plots and then transplanted into individual plot after 35 days. Each plot consisted of different numbers of row with 240cm in length. Seelings were transplanted at an inter-row spacing of 45cm and an intra-row spacing of 33.3cm with two plants per hill. P 1 , P 2 and F 1 were grown in six rows for both years. F 2 , B 1 and B 2 were represented by 27, 21 and 12 rows in 2012/2013, and represented by 21, 12 and 12 rows in 2013/2014, respectively.
The top fully expanded leaf of each plant in six generations were measured for AC and CC at seedling stage. The measurement of total AC was performed by using photometric method (MEHRTENS et al., 2005) . Total CC was determined by SPAD Chlorophyll Meter Reading (Minolta SPAD-502 plus, Osaka, Japan) and each leaf was measured five times in different parts to monitor the chlorophyll status.
A, B and C scaling test according to MATHER (1949) and HAYMAN & MATHER (1955) were used for determination of absence or presence of non-allelic interactions. Joint scaling test proposed by CAVALLI (1952) was used to estimate the parameters of m, d and h, and test the goodness of fit of the additive-dominance model by χ 2 testing. Estimation of six parameters were performed according to HAYMAN (1958) . Broad sense and narrow sense heritability were estimated using the method outlined by WARNER (1952) . R software was used for data analysis (R DEVELOPMENT CORE TEAM, 2015) .
RESULTS AND DISCUSSION
The analysis of variance (Table 1) showed that AC was significant and CC was highly significant between years. The results indicated that both studied traits were significantly affected by the environment. This might be due to the environmental factors such as UV-A, UV-B, temperature, light intensity, nutrition and moisture regulated the synthesis of anthocyanin in leaves (LEE et al., 2003; SCHABERG et al., 2003; TOSSI et al., 2011; . In addition, highly significant difference between generations on the traits were detected, especially between parental lines ( Figure 1) . Moreover, the environment (year) × generations interaction was significant for AC but not for CC.
The scaling test and estimation of six parameters were presented in table 2. The t-test between parents for both traits indicated that the data was suitable for genetic analysis. The scaling Table 1 -Analysis of variance for anthocyanin and chlorophyll contents of P1, P2, F1, F2, B1 and B2 generations evaluated in 2012/13 and 2013/14 at Guiyang, Southwest of China. were negative and significant for AC and highly negative significant for CC in both years. The previous studies showed that additive gene effect was significant for AC in grape and eggplant, and additive gene action as main genetic effect for inheritance of AC were supported by higher heritability (SINGH et al., 2011; LIANG et al., 2012; SABOLU et al., 2014) . However, SABOLU et al. (2014) reported a dominance gene effect for AC. In contrast, dominance effect was the main genetic effect for CC (SONG et al., 2014) . In addition, a simple additive-dominance genetic model was adequate both for AC and CC in pepper fruit (LIANG et al., 2012) . Our results showed that additive gene effect was the mainly genetic effect for AC and CC, and additive-dominance genetic model was inadequate both for AC and CC. The decomposition of gene effects and estimation of heritability for AC and CC were listed in table 3. Total fixable gene effects was higher than non-fixable gene effects on genetic control of AC, but the contrast result was found for CC in both seasons. In addition, the higher broad sense heritability and moderate narrow sense heritability for AC indicated that the trait was controlled mainly by genetic effect, and both additive and non-additive gene effects were important. However, moderate broad sense heritability and lower narrow sense heritability were detected for CC indicating the trait was affected by both genetic and non-genetic effect, The relationships between AC and CC were calculated in P 1 , P 2 , F 1 , F 2 , B 1 and B 2 populations with 80, 78, 75, 418, 318, 156 plants in 2012/2013 and 75, 66, 69, 301, 160 and 156 plants in 2013/2014 . The negative correlations between AC and CC were obtained in P 1 , F 2 and B 1 generations in two years. B 1 and F 2 generations was significantly negatively correlated in both years. However, no significant positive correlation were detected in P 2 , F 1 and B 2 generations (Table 5 ). In accordance with this studies, the same relationship was detected between black and violet pepper groups (STOMMEL et al., 2014) , indicating that decreasing of CC was due to the high concentration of anthocyanin. Fortunately, positive correlation was also observed between AC and CC in F 1 generation. This result reveal that breeding of rapeseed hybrid with purple-red leaf for drought and cold stress resistance could be achieved, while CC in leaves is maintained. Table 3 -The decomposition of gene effects and heritability in a 10-Zi006 × 10-4438 cross for anthocyanin and chlorophyll contents. Table 4 -The genotype × environment interactions for anthocyanin and chlorophyll contents in six generations of a 10-Zi006 × 10-4438 cross grown in two years. 
CONCLUSION
Inheritance of AC and CC in rapeseed leaf were not follow the simple additive-dominance genetic model, but the non-allelic interactions played an important role. In addition, AC was controlled mainly by genetic effect and CC was affected both by genetic effect and non-genetic effect. This result indicated that selection for AC in early generations would be more effective. However, selection in later generation with SSD/pedigree breeding methods is a tool for the improvement of CC. 
